ABSTRACT Laminar flow through a conduit is equal to the mean velocity times the cross-sectional area of the orifice. Therefore, volume is equal to the time-velocity integral multiplied by the crosssectional area. In aortic stenosis, flow in the stenotic jet is laminar and the aortic valve area should be equal to the volume of blood ejected through the valve divided by the time-velocity integral of the aortic jet velocity recorded by continuous- No. 3, 452-459, 1986. ACCURATE ASSESSMENT of the hemodynamic severity of aortic stenosis from clinical and echocardiographic findings is frequently difficult, particularly in the elderly patient. ' -4 Recently, several studies have demonstrated a good correlation between aortic valve gradients measured at cardiac catheterization and gradients estimated by continuous-wave Doppler echocardiography and a modification of the Bernoulli equation.5-9 However, the pressure gradient through a stenotic valve is largely dependent on flow, which in turn depends on left ventricular performance and the presence of concomittant valvular regurgitation.
ACCURATE ASSESSMENT of the hemodynamic severity of aortic stenosis from clinical and echocardiographic findings is frequently difficult, particularly in the elderly patient.' -4 Recently, several studies have demonstrated a good correlation between aortic valve gradients measured at cardiac catheterization and gradients estimated by continuous-wave Doppler echocardiography and a modification of the Bernoulli equation.5-9 However, the pressure gradient through a stenotic valve is largely dependent on flow, which in turn depends on left ventricular performance and the presence of concomittant valvular regurgitation.
Cardiac catheterization has been the only definitive means of quantitating aortic stenosis by the determination of a valve area. 10 Recently noninvasive determination of valve area was demonstrated in a small group of young patients with predominant pulmonic stenosis with the use of Doppler-determined velocities and a modification of the Gorlin equation." More recently, aortic valve area was quantitated with the use of Doppler velocities combined with flow measurements obtained at right heart catheterization. 12 Laminar flow through a conduit is equal to the mean velocity times the cross-sectional area of the orifice. With flow remaining constant, the ratio of cross-sectional areas at two different sites is inversely propor- tional to the ratio of the respective mean velocities (figure 1). Thus, if the velocity at a stenotic site and flow are known, the stenotic area can be derived as flow divided by the mean velocity of the stenotic jet.
Methods to measure flow with pulsed Doppler echocardiography through several intracardiac sites have been recently validated.'4 '5 It should therefore be possible to combine these methods with Doppler recordings of the stenotic jet to accurately determine aortic valve area noninvasively. In the present study, measurements of aortic valve area were made by applying these concepts and results compared well with measurements obtained during cardiac catheterization. In addition, a simplified method of deriving aortic valve area by the Doppler method without the need for planimetry of the time-velocity curve was developed and validated.
Methods
Patient population. From January 1984 to 1985, a total of 50 patients, 49 with suspected valvular aortic stenosis and one with discrete subaortic stenosis, were evaluated. All patients underwent diagnostic cardiac catheterization, two-dimensional echocardiography, and pulsed and continuous-wave Doppler studies. Four patients were excluded because of inability to cross the aortic valve at cardiac catheterization. During the initial phase of the investigation, another seven patients were excluded because of inability to obtain continuous-wave Doppler recordings of the aortic jet (see below). The remaining 39 patients constituted the study population. There were 24 men and 15 women with a mean age of 63 years (range 35 to 82); 21 of the 39 patients were more than 60 years old. Cardiac catheterization was performed within 24 hr of the noninvasive studies in 27 patients and within 2 to 15 days (mean 6 days) in the remaining 12 patients.
Thirty-seven patients were in sinus rhythm while atrial fibrillation was present in two. Coronary artery disease, defined angiographically as 50% or more luminal diameter narrowing of at least one major coronary artery was present in 13 patients. Left ventricular ejection fraction determined by angiography (n = 15) or echocardiography (n = 24) ranged between 20% and 79% (mean + SD 58 + 14%).
Three patients had moderate aortic insuffilciency, while moderate-to-severe mitral regurgitation was present in two and mitral stenosis, with or without mitral regurgitation, was present in five patients. One patient had a malfunctioning prosthetic valve in the mitral position. Two-dimensional echocardiographic measurements. Two-dimensional echocardiograms were obtained in patients in the left lateral recumbent position with an Ultraimager mechanical sector scanner or a Hewlett-Packard phased-array scanner equipped with 2.5 MHz transducers. Studies were recorded on half-inch videotape and later reviewed on an off-line station equipped with a tablet digitizer and internal calipers (Digisonics EC 200). Measurements of ejection fraction were made with the multiple diameter method as previously described. 16 The aortic annular diameter was measured in the parasternal long-axis view as previously described,'5 just below the insertion of the anterior and posterior aortic valve leaflet during early systole and four to five video frames after the peak of the R wave (figure 2). The presence of thickening or calcification of the stenotic aortic valve leaflets did not impede adequate recognition of the two corner points needed to measure the annular diameter. Pulmonic annular diameter was measured from the parasternal short-axis view just below the insertion of the pulmonic leaflets, one to two frames after maximal leaflet excursion (figure 2). The mitral annular diameter was measured in mid-diastole from an apical four-chamber view as previously described. 15 All diameter measurements were obtained between the two inner echocardiographic edges. For each diameter (D) location, an average of three to five measurements were made and the average was used to derive a respective cross-sectional area as (ID2)/4. Doppler measurements. Pulsed Doppler echocardiographic studies were performed with the same imaging systems. Both systems are equipped with a movable cursor and adjustable sample volume size. Returning frequencies are processed by fast-Fourier transform analysis and blood velocities are displayed by solving the Doppler equation. During this study we elected not to correct for angle of incidence but to optimize transducer angulation to obtain the best velocity recordings. All velocities were recorded at 100 mm/sec with a 5 mm sample volume positioned at a level corresponding to the diameter measurements (figure 2). The apical window was used for recordings of mitral inflow and aortic velocities as previously described. 15 For the velocity recording at the aortic anulus, the sample volume was placed into the valve leaflets and gradually moved backward until the first clear ventricular outflow velocity was obtained. Any further apical placement of the sample volume resulted in a drop in velocity. The pulmonic velocity was recorded from the short-axis view.
The area under the velocity curves or time-velocity integral was derived by planimetry. The velocity curves were digitized along the external contour of the darkest portion of the curves. In our experience this method reduces interobserver variability without altering the accuracy of results. 15 An average of three cardiac cycles in sinus rhythm and five in atrial fibrillation were used.
Continuous-wave Doppler recordings of the aortic jet were attempted from the apical, suprasternal, right parasternal, and subxyphoid windows with a 2 MHz nonimaging transducer (Pedof) equipped with audio and spectral display. The aortic jet signal was judged adequate depending on the audio quality, the continuity of the contour of the velocity curve on the spectral dislay, and the absence of significant dispersion of frequency opposite to the direction of the aortic jet (figure 2). In addition, good quality recordings frequently showed a more dense region of lower velocities corresponding to the left ventricular outflow. The apical window provided the best recording of the jet in 95% of the cases. All seven patients excluded during the initial phase of the investigation failed to meet any of the above requirements. The Doppler signals obtained in these patients were Cardiac catheterization valve area. Left heart catheterization was performed by the brachial or femoral technique and right heart catheterization with a Swan-Ganz catheter. Cardiac output by thermodilution was determined in triplicate and averaged. Pull-back pressure tracings from left ventricle to ascending aorta were later superimposed and used to determine mean and peak to peak aortic gradients from an average of 3 beats in sinus rhythm and 5 beats in atrial fibrillation. Left ventricular angiograms were performed in the right anterior oblique view and a calibration grid was filmed to correct for magnification. Volumes and ejection fractions were calculated with the singleplane modification of the area-length method corrected for overestimation with the Kasser-Kennedy equation.'7 Aortic root contrast studies were performed in patients with suspected aortic insufficiency. Aortic valve area by cardiac catheterization was determined by the Gorlin equation as CO/(44.5 x SEP X AP) where CO is the cardiac output, SEP is the systolic ejection period, and AP is the mean systolic pressure gradient between left ventricle and aorta. Thermodilution cardiac output was used in 36 patients and angiographic cardiac output in three patients with moderate aortic insufficiency.
Catheterization and Doppler measurements were performed by two independent observers. Statistical methods. Results are expressed as mean ± SD. Correlations between catheterization and Doppler measurements were performed by linear regression analysis with use of a least squares method. Chi-square analysis or Fisher's exact test was used to discriminate between critical and noncritical aortic valve areas, where appropriate.
Results
Individual values and mean ± SD Doppler and catheterization measurements are listed in table 1 . A wide range of peak-to-peak gradients (5 to 120 mm Hg), cardiac outputs (2.8 to 8.1 liters/min), and aortic valve areas (0.40 to 2.07 cm2) were observed by catheterization. As previously reported by other authors,5-9 a good correlation was seen between peak instantaneous gradients estimated by continuous-wave Doppler techniques and peak-to-peak catheterization gradients, with a correlation coefficient of .90 and a standard error of the estimate of 13 mm Hg. The regression equation, Cath gradient = Doppler gradient -11, is compatible with a higher instantaneous peak Doppler gradient vs the peak-to-peak catheterization gradient, as noted recently by several investigators.8 ' 9 Comparison of aortic valve areas determined by Doppler echocardiography and cardiac catheterization revealed excellent correlations for each individual Doppler method of measuring stroke volume as well as for the average of all methods, with regression equations close to the identity line ( figure 5 ). The standard error of the estimate ranged between 0.11 and 0.15 cm2. Aortic valve areas determined by the simplified peak velocity method were almost identical to values derived with the original aortic anulus method, which required planimetry of the time-velocity curves (r-ZOGHBI et al. insufficiency; AVA = aortic valve area in cm2; Cath = catheterization; EF = ejection fraction; Grad = peak-to-peak gradient in mm Hg; MR = moderate or severe mitral regurgitation; MS = mitral stenosis, with or without mitral regurgitation; MB = discrete subaortic membrane; PkV = simplified peak velocity method; Pr V = prosthetic valve; SV = stroke volume in ml. Other abbreviations as in figure 2.
valve areas measured at cardiac catheterization (rranged between 84% for the pulmonic approach and .94; y = 1.05x -.05; SEE = 0.16 cm2) (figure 6). 94% for the aortic, the average, and the peak velocity Significant discrimination was observed between methods. Negative predictive values ranged between critical (C0.70 cm2) and noncritical aortic stenosis by 86% and 92%. each Doppler method at p < .001 (table 2) . Positive
To test whether the peak velocity method could be predictive values by Doppler for critical aortic stenosis simplified further by eliminating measurements of the (.79). The positive and negative predictive values were 80% and 74%, respectively.
Interobserver variability. The interobserver variability in determining cross-sectional area was least for the aortic anulus method, with a percent error between the two observers of 6 ± 6%. Slightly larger errors were found for the pulmonic and mitral annular cross-sectional areas (8 ± 7% and 9 ± 9%, respectively). In the absence of valvular regurgitation, aortic valve area can be accurately determined by Doppler echocardiography with stroke volumes measured from multiple intracardiac sites, thus providing internal verification of results. In the presence of significant aortic regurgitation, the aortic anulus approach should be used exclusively to determine actual flow through the aortic valve. Overall, the aortic anulus is preferred over the other sites for measurements of stroke volume and aortic valve area since it presents the least technical difficulties and results in the lowest interobserver variability in measurements of cross-sectional area. Moreover, the simplified peak velocity method provides results comparable to those of the original aortic approach, which requires planimetry of time-velocity curves. Although substituting aortic annular cross-sectional area with the constant 3.14 in the simplified peak velocity method gives results that correlate significantly with the hemodynamic standard, its lower predictive value limit its use in individual patients. The aortic anulus, however, is not a good site for determining stroke volume in patients with any form of subaortic stenosis since one cannot make an accurate measurement of cross-sectional area. In such cases, stroke volume should be determined from either the mitral or pulmonic anulus. 
